The objectives of this research were, for scientific and management purposes, to build fuel models and simulate their fire behavior. Three different vegetation types (shrublands, grass fields and tropical forests) of the "Serra de Itabaiana" National Park were analyzed. The fuel models were developed by destructive sampling and the collected data was inserted in the software "BehavePlus 5.0". The results revealed that the fuel model for the shrublands presented the longest flame length, the highest fireline intensity and the greatest heat release per unit area. The fuel model for the grass fields presented the fastest surface rate of spread; and the fuel model for the tropical forests the lower fire intensity. Keywords: Fire simulator; BehavePlus; conservation units.
INTRODUCTION
Forests fires represent one of the biggest threats to reforestation and to native forests of the planet, causing billions of dollars in damage every year. Fire not only affects the survival of all the organisms and modifies the physical and chemical amount of nutrients of the soil, but also pollutes the atmosphere with harmful greenhouse gasses. The majority of conservation lands in Brazil have already suffered heavy ecological losses due to fires, in most cases because of deficient fire management in bordering properties, or as is common in the Amazon, fires resulting from clearing native forest.
The establishment of scenarios based on real values and statistical parameters make possible to calculate average standards of the forest fuel load that, together to values of topography and characterization of weather conditions, allow the prediction of fire behavior (BEUTLING, 2005) .
Mathematical models that describe fire behavior began to be developed in the 1940's. The model most accepted, and most used in the literature, is the Richard C. Rothermel's model, developed in 1972 (WELL, 2008 . His model is incorporated into many predictive tools used by fire managers today, such as BehavePlus (ANDREWS et al., 2002) , an update of the original Behave (ANDREWS, 1983) . The BehavePlus fire modeling system is a computer program for personal computers. It is based on mathematical models that predict fire behavior (such as flame length and transition to crown fire), fire effects (such as scorch height and tree mortality), and the fire environment (such as fuel moisture and wind adjustment factor) (ANDREWS, 2008) .
Fire simulation is flexible and allows the exploration of alternative scenarios with fuel, stand structure, and weather conditions. It can be used for projecting the behavior of a forest fire in progress; for applications of fuel reduction treatments; to estimate fire occurrence danger; for firefighters training; and other fire management operations.
This work aimed to build fuel models for three of the most common vegetations types at the Serra de Itabaiana National Park and simulate their fire behavior using the BehavePlus Fire Modeling System. The simulated results were used to supply information for fire management actions under different scenarios, and generate overall recommendations of how to extinguish the fire. This study was based on the null hypothesis that the characteristics of the fuel and climatic aspect would be similar within the three distinct vegetation types, so the fire characteristics and the combat operations would be the same.
MATERIAL AND METHODS

Focused area
The focused site, Serra de Itabaiana National Park, is located in Sergipe, a state in northeast Brazil, at 10° 40' S, 37° 25' W and maximum elevation of 670 m (Figure 1 ). The climate, by the Köppen system of classification, is tropical with dry summer (As), with mean annual rainfall of 1200 mm. The grass fields are the most common natural formation (3289 ha), composed by tall dense grass presented mainly in regions of rough relief and hillsides. The principal species found in these areas are: Lagenocarpus rigidus (Cyperaceae), and Xyris brevifolia (Xyridaceae). On the evergreen lowland tropical forests (2643 ha) the closed and homogeneous canopy can reach 20 meters. These formations are composed by several different species like: Campomanesia viatoris, Stryphnodendron pulcherrimum and Inga laurina. There is no intermediate fuel layer, and the near surface layer is sometimes composed by grasses. The shrublands (347 ha) only occur on the east Describing the fire behavior and generating recommendations for extinguish the fire After the fuel models for each vegetation type were built, the data was inserted in the BehavePlus Fire Modeling System 5.0 in order to simulate: maximum surface rate of spread; heat per unit area; fireline intensity; and flame length. Simulations for different weather scenarios and at different slope steepness were conducted as well. The overall recommendations were based on the characteristics of the fire and on the fire characteristics charts developed to describe forest fire behavior and to supply information for fire management actions at different scenarios (ROTHERMEL, 1983) .
RESULTS
Inputs for each fuel model Fuel moisture and fuel load
The highest surface fuel load was from the tropical forests, that presented an average of 12.5 t/ha. The shrublands presented an average of 9.18 t/ha, and the grass fields 3.7 t/ha (Table 1) .
Beside the greatest total fuel load, the tropical forest presented the highest mean fuel moisture content. The shrublands presented the least fuel moisture content, except for the live woody class that presented a lesser value in the grass fields (Table 2) . Fuel bed depth According the 36 measurements taken within each vegetation type of Serra de Itabaiana National Park, it was determined the average fuel bed depth of the tropical forest as 0.06 m, in the shrublands the average was 0.84 m, and in the grassland 0.44 m. The fuel bed depth is an input value required to determine the fuel bed bulk density (kg.m -3 ) that is an intermediate value in Rothermel's surface fire spread model. The fuel bed bulk density is the total oven-dried fuel load per cubic volume of fuel bed. These values are presented in table 3. Table 3 . Fuel bed depth and bulk density for the grass fields, tropical forests and shrublands at Serra de Itabaiana National Park. Tabela 3. Espessura do leito do material combustível e sua densidade para os campos graminosos, florestas tropicais e florestas arbustivas dentro do Parque Nacional Serra de Itabaiana. The 6 m open terrain wind speed was adjusted to midflame height using wind adjustment factors of 0.5 for the grass fields, 0.3 for the shrublands, and 0.15 for the tropical forests (Table 4 ). The exposition factors were based on Andrews (2008) . Slope steepness "SRTM" maps on the Global Mapper 10.0 defined that the terrain slope steepness varies between 0 and 50 degrees in Serra de Itabaiana National Park. In order to observe the effect of the slope on fire simulations, 3 different slope scenarios, were used as input: 0 degrees, 20 degrees and 40 degrees.
Grass fields Tropical forests Shrublands
Others input variables
The Rothermel (1983) methodology, improved by Scott and Burgan (2005) , was used to obtain the surface area per volume ratio and the dead fuel moisture of extinction. This technique is based on the similarity of two vegetations according to the following parameters: fuel load, fuel packing ratio, and the clime. So, the tropical forests were classified into TL9 (very high load broadleaf litter); shrublands into SH8 (high load, humid climate shrub); and grass fields into GR9 (very high load, humid climate grass).
The dead and live fuel heat content was set to 18622 kJ/kg, value used by Scott and Burgan for all fuel models. Table 5 . Surface area to volume ratio, fuel bed depth, dead fuel moisture of extinction, dead fuel heat content, and live fuel heat content of the GR6, TL9 and SH8 fuel models. Tabela 5. Área superficial pelo volume, espessura do leito, teor de umidade de extinção do material combustível morto, energia calorífica do material combustível morto e energia calorífica do material combustível vivo para os seguintes modelos: GR6, TL9 e SH8. Simulating the surface fire behavior for each fuel model Having in hand all the input variables, the data were inserted in the software "BehavePlus 5.0" where the following outputs were obtained: maximum surface rate of spread; heat per unit area; fireline intensity; and flame length (Tables 6, 7 and 8) .
All the simulations were calculated using only the surface fire direction of maximum spread with the head fire going upslope with the wind. Note: All the simulations were done with fuel model type "D" (Dynamic) instead of the fuel model type "S" (Static). Dynamic fuel models have a live herbaceous fuel component, a portion of which is transferred into the dead herbaceous fuel load depending upon the live herbaceous fuel moisture content (the lower the moisture content, the greater the load transfer). Describing the fire behavior Surface rate of spread Based in the simulated results, the grass fields presented the fastest surface fire rate of spread, varying from 6.3 to 40.6 m/min depending on slope steepness and weather conditions. In tropical forests the rate of spread was very slow, from 0.0 to 1.3 m/min. The shrublands rate of speed ranged from 3.6 to 30 m/min.
According to Rothermel (1972) surface fire spread model incorporated into the BehavePlus, the surface rate of spread is calculated based on the propagating flux ratio, wind coefficient, slope factor, effective heating number, heat of pre-ignition, reaction intensity (which depends on the fuel load and fuel moisture content), and bulk density (which depends on the fuel load and fuel bed depth). Inside tropical forests the fuel load is high, nevertheless it is very compacted, with high moisture content, and lower wind speed (compared to other vegetations) so fires propagate very slowly. For this particular research the moisture content of the fine dead fuels inside the shrublands was lower than the moisture content of this same fuel class in the grass fields, but the rate of spread of grasses was higher than the shrubs, at the same slope steepness, it can also be concluded that the wind speed had a greater influence in rate of spread than the fuel moisture content.
The slope is a positive factor, as all simulations were developed considering that the wind was blowing upslope. In these situations, the wind and slope will tilt the flame over the unburned fuel and bring it to ignition temperature sooner, causing faster spread rates and longer flames. This is why the rate of spread rises when the slope steepness increases. Rate of spread is a fire characteristic that is commonly used by fire managers and fire risk systems to define the principal ways to fight it. Fernandes (2009) , analyzing the rate of speed of experimental burns in a maritime pine stand in Portugal, built a new model and used as independent variables: wind speed, moisture content of fine dead fuels, and slope steepness. These were, in decreasing order, the most influential variables that affected the fire spread rate. Experimental fires used to validate such model had rates of spread from 0.36 -7.2 m.min -1 . A new fire spread model for dry eucalypt forest in Australia was developed by Gould et al. (2007) . According to such model, the rate of spread is defined by the wind speed, moisture content of the dead fine fuel (1 h), and the surface and near surface hazard score (score defined according to proportion of dead material, fuel load, and litter depth). Experimental fires used to validate such model had rates of spread 2.5 -16 m.min -1 .
Fireline intensity As well as in surface rate of spread, there is a high discrepancy between the fireline intensity in tropical forests and other vegetations; it can be clearly observed effect of slope and weather on their values. According to Byram (1959) equation for the fireline intensity incorporated into the BehavePlus, the intensity will vary depending upon three variables: rate of spread, available fuel, and heat content. As these three variables increase, as the fireline intensity rises. Therefore, the higher the slope steepness and rate of spread, consequently, the higher the fireline intensity.
For the same slope steepness, the grass fields have a higher rate of spread, however in the shrublands there is much more fuel available and by this reason the fireline intensity is greater.
Heat per unit area
Heat per unit area is the heat energy released per area within the flaming front of the surface fuel and it is not affected by wind and slope (ROTHERMEL, 1972; ANDREWS, 2008) . The amount of heat released is a variable that characterizes the fire severity, and the more heat energy that is released, the higher is tree mortality and risk to the fire fighters.
According to Rothermel (1972) equations incorporated into the BehavePlus, the heat per unit area is defined by dividing the fireline intensity by the rate of spread. Since the shrublands have the highest fireline intensity and a slower rate of spread, as compared to grass fields, it obviously will have a higher heat per unit area. The tropical forests and the grass fields at the 70 th and 90 th extreme scenarios presented almost the same value. The fast rate of spread in the grass fields in these scenarios is the reason they have almost the same heat per unit area as the tropical forests.
Flame length
Flame length is an important measure of the heat of a fire and hence its severity, both in terms of suppression difficulty and impact on biota (BYRAM, 1959) . According to the Byram (1959) equation incorporated into the BehavePlus, flame length will depend only on the fireline intensity. So the higher the fireline intensity, the higher the flame length. The results reveal that in tropical forests the flame length is very short (up to 0.6 m) compared to other vegetations. The longest flame length was simulated in the shrublands (up to 4.1 m). Fernandes (2009) , analyzing the flame length in a maritime pine located in Sevivas, Portugal, concluded that the two variables that were correlated to the flame length of the experimental burns in decreasing order were: rate of spread, and moisture content of fine dead surface fuels. The author developed a model to forecast the flame length in the focused area using these variables. His model presented better results than the Byram model (r 2 = 0.81). Experimental fires used to validate the model had flame length from 0.5 to 4 m. The Project Vesta model (GOULD et al., 2007) correlate the flame height with the fire rate of spread and the elevated fuel height (r 2 = 0.81). Their flame height model predicts reasonably well when flame heights of surface fire are lower than 8 m, but predicts insufficient flame height when there is torching or crown fires in Australia dry eucalypt forests.
Overall recommendations
In the tropical forests the fires can always be attacked at the head or flanks by using hand tools. The hand line should hold the fire even at high slope steepness and in extreme weather conditions. Considering that this type of vegetation had the highest fuel moisture content, the probability of an ignition source that initiates a forest fire is unlikely. The slow rate of spread facilitates combative actions.
The fires in the shrublands and in the grass fields at 0 and 20 slope degrees in the mean and 70 th extreme scenarios are too intense for direct attack on the head by using hand tolls, and a hand line cannot be relied on to hold the fire. In these scenarios equipment such as dozers, pumpers and aircraft that spray fire retardant can be effective.
Control efforts at the fire head will probably be ineffective and may present serious control problems, such as torching out, crowning and spotting in the following scenarios: shrublands at 0 and 20 degrees in the 90 th extreme scenario; shrublands at 40 degrees in the mean scenario; grass fields at 0 and 20 degrees in the 90 th extreme scenario; and grass fields at 40 degrees in the mean and 70 th extreme scenarios. The worse cases were simulated at 40 degrees in the 70 th and 90 th extreme scenarios for the shrublands and in the 90 th extreme for the grass fields formations. In these cases control efforts at the head of fire are ineffective. Crowning, spotting, and major fires runs are probable.
The greatest difficulty in forest fire suppression effort in grass fields is the high propagation speed that can reach 57.8 m/min or 3.47 km/h. Therefore it is necessary that the firefighting crews have high mobility in off-road transports.
In the shrublands the greatest difficulty to combat the fire is the high heat per unit area, fireline intensity, and flame length. The large amount of heat released during the fire make impossible the proximity of the fighting forces so, it is necessary in all scenarios, big equipment use to combat the fire in this vegetation.
DISCUSSION
Because difficulties involved in the process of obtaining the BehavePlus input variables, and the fact that it is a new software (first version created in 2002), there are not many published works using this tool. The majority of the studies were carried out in the United States, Portugal, and other regions of eastern Europe. Even though it is common to find studies that quantify the fuel load for different Brazilian vegetation types, especially for Cerrado, pine and eucalyptus forests (eg. CASTRO; KAUFFMAN, 1998; SOARES, 1998; MIRANDA et al., 2002; SOUZA et al., 2003; SOUZA et al. 2003(b) ), this is the only work that the authors know of, that has built custom fuel models for Brazilian vegetation types and uses them in the BehavePlus to simulate forest fire behavior.
BehavePlus system has many applications. Vollmer (2005) and Mohr et al. (2004) , for example, use to verify the efficiency of fuel reduction treatments, such as prescribed burning, mechanical and chemical treatment; Hood et al. (2007) used the module "Mortality" to determine the after-fire mortality of 13 species of coniferous trees in the states of Arizona, California, Idaho, Montana and Wyoming; Curt and Delcros (2007) used the module "Ignite" and "Surface" to simulate the fire ignition and initial propagation in road-forest interfaces, focusing on byways and state ways around Aix-en-Provence (southern France); and Dimitrakopoulos (2002) used to delineate the potential fire behavior from Mediterranean fuel models in Greece. With the inputs properly inserted into the BehavePlus all these applications can be done for any vegetation type anywhere in the world, however, the use of this software or even efficient strategies in order to extinguish a forest fire in progress inside Brazilian conservation lands is not common. What usually happens is that the firefighters and the people who live nearby are called to put out the fire without any strategy, just attacking directly the fire front.
Better understanding of the nature of a fire under different scenarios and delineating strategies and orientations for the combat forces using mathematical models that simulate fire behavior is a powerful tool that fire managers should use to diminish damage to ecosystems.
Researches improved in natural forest fuels are relatively scarce, but satisfactory results are common in diverse types of vegetation, especially in brush and herbaceous formations (FERNANDES, 2002) . Nevertheless, there are some studies that concluded that the BehavePlus usually underestimates the data obtained from experimental burnings (STREEKS et al., 2005; STEPHENS et al., 2008 , FERNANDES, 2009 . Therefore, it is recommended that the BehavePlus should be used only by experienced forest fire managers who can combine the simulated results with field experience, to forecast the fire behavior with superior effectiveness. It is essential that the fire manager knows that the software is an auxiliary tool and the decisions must not be taken based solely on its simulations. Some authors consider that the "Behave" system has more efficient results especially when the values of the characteristics of the fuel are measured and used directly (methodology adopted in this work), instead of using some standard fuel model (GRABNER et al., 1997; BROSE, 1997) . However some errors may still occur when the diversity of the fuel is not considered, assuming that conditions are constant. So, it is important to give special attention to fuel characterization methodology and compare the simulated data with real forest fire behavior. This way the program can be used without any restriction for the focused area.
CONCLUSION
Due to differences in fuel and wind aspects, simulated fires revealed a peculiar behavior within each developed fuel model. The fuel model for the shrublands had the longest flame length, the highest fireline intensity and the greatest heat per unit area. The fuel model for the grass fields presented the fastest surface rate of spread and the fuel model for the tropical forests presented simulated fires with lesser intensity for all analyzed outputs.
